Abstract-We present a new scheme that mimics pattern formation in biological systems to create transmission patterns in multihop ad hoc networks. Our scheme is decentralized and relies exclusively on local interactions between the network nodes to cwate global transmission patterns. A transmission inhibits other transmissions in its immediate surrounding and encourages nodes located further away to transmit. The transmission patterns crated by our medium access control scheme combine the efficiency of allocation-based schemes ai high traffic loads and the flexibility of random access schemes. Moreover, we show that with appropriately chosen parameters our scheme converges to collision free transmission patterns that guarantee some degree of spatial reuse.
I. INTRODUCTION
Wireless ad hoc networks rely on a common transmission medium, called the channel. The role of the Medium Access Control (MAC) scheme is to coordinate the access of the network nodes to this channel to guarantee an efficient usage of this resource.
In local area networks, where all transmissions take a single hop, the only resource is time: a good MAC protocol schedules transmissions from different users in order to maximize the temporal usage of the channel, while maintaining fairness between the users. Wireless multi-hop networks pose a greater challenge, as now the resources are time and space: since a transmission consumes only a spatially restricted portion of the channel. a good MAC protocol should schedule transmissions from multiple users in order to maximize not onty the temporal usage of the channel, but also its spatial usage. This latter property, called spatial reuse. is the central theme of this papa. How can a MAC protocol pack as many simultaneous transmissions as possible in a wireless multi-hop network?
Existing MAC protocols can be divided inlo allocation-based and random access schemes. In allocation-based schemes. a central authority shares the channel resources among the multiple users in a fixed manner. For 
example, in
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Time-Division Multiple Access (TDMA), the network nodes are divided into disjoint subsets, which are then granted access to the channel in a round-robin manner. Figure l(a) depicts a transmission pattern created by a TDMA scheme on a two-dimensional grid network. Active transmissions are highlighted by black disks and the gray area around an active transmission corresponds to its exclusion domain, which is the area where other nodes must remain silent to avoid a collision with the active transmission. In random access schemes. the network nodes contend for the medium in a decentralized manner. For example, in Carrier-Sense Multiple Access (CSMA): when a node has a packet to send, it first senses the medium. If the medium is idle, it transmits; whereas if the medium is busy, it backs-off for a random time.
Carrier-Sense Multiple Access inspired numerous random access schemes. including the widely used IEEE 802.1 1.
Allocation-based MAC protocols perform well in environments where the traffic is predictable and the network topology is static. Random access schemes are more flexible but lack efficiency, especialIy when demand for bandwidth is high.
We propose a MAC scheme that combines the advantages of allocation-based and random access schemes to provide an efficient scheduling of the transmissions in ad hoc networks with high traffic load and contention. Like allocation-based schemes, it creates dense, collision-free transmission patterns.
However, the transmission patterns are obtained dynamically in a distributed manner, like in random access schemes. r Our MAC scheme is based on the so-called reaction-diffusion mechanism. Reaction-diffusion was proposed by Turing in 1952 [l] to explain the formation of patterns in biological systems. Typical examples are mammalian coat patterns such as zebra wipes or felines' spots (Figure l(b) ). In ReactionDiffusion MAC (RDMAC), we use the reaction-diffusion mechanism to create transmission patterns. Figure 1 ( creates collision-fiee transmission patterns with a maximal number of simultaneous transmissions. However, the creation of the transmission pattern requires a global knowledge of the network topology and is thus riot decentralized. In addition, the computation of a Spatial TDMA slot allocation is NP-complete, which makes the algorithm unpractical for most network topologies. How to achieve such collision-free transmission patterns in a decentralized manner is still an open problem.
The scheme we propose provides a solution to this challenging problem. The key property of RDMAC is the creation of transmission patterns similar to the TDMA transmission patterns, but contrary to TDMA in a decentralized manner. The RDMAC scheme explicitly assigns a Medium Access Probability (MAP) p i to each connection. In this aspect, our protocol is similar to the SR-Aloha protocol [61 and to the SEEDEX protocol [7] . Nevertheless, the three protocols strongly differ in the way the Medium Access Probabilities (MAP) are computed. In the SR-Aloha protocol, which is one of the first decenvalized MAC protocols to optimize spatial reuse, the MAP is time-and node-invariant. In the SEEDEX protocol, the MAP of a network statlon depends on the slate of its 2-hop neighbors. Network stations can be in two states, the Possibly Trmsmit (PT) state and the Listening (L) state. A station s in the PT state transmits to a station t in the L state with probability p = l / ( n + 11, where n is the number of neighbors o f t which are in the E T state. Finally, in our RDMAC protocol, the choice of the medium access probabilities is based on the reaction-diffusion mechanism, described in more detail in Section IV. We do not address the issue of information sharing between the nodes, which is bound to arise when it comes to a real implementation of the algorithm. Rather, we assume that each node has a perfect knowIedge of the information related to the other nodes in a constant size neighborhood around itself.
We do not study other factors that clearIy impact the MAC performance, such as the back-off mechanism when there are collisions, or the combination of routing with MAC. so that we can focus our study on the metric of spatial reuse.
Iv. RDMAC: DESCRIPTION OF THE ALGORITHM The novelty of the RDMAC scheme is embedded in the computation of the medium access probabihties. We already mentioned that the choice of the MAPS i s inspired by the reaction-diffusion mechanism, which has been used in the past to explain the formation of pacterns in biological systems. A reaction-diffusion system involves two substances, the activator and the inhibitor, which both diffuse within the system boundaries. The state of each point of the system depends on the relative concentration of the activator and inhibitor 81 its location. Denote by a(z, f ) and h ( z . t ) the concentration of the activator and inhibitor in the system at location z and time f.. The reaction-diffusion mechanism is described in terms of second order partial differential equations ( A CNN is an array of identical systems, the cells, which are only locally connected. Time is continuous or discrete. In the discrete time setting. the state z, of cell i at time t + 1 depends on its output yi at time t and on the activatory and inhibitory inputs it gets from neighboring cells (Figure 3) . Such an input can be positive. which induces activity, or negative, which inhibits it. parameter, and r , h e activation parameter. Transmissions in the spatial domain Do2, have an inhibitory influence on connection i. whereas transmissions in Dk have an activating effect on connection i. The coupling parameters E, s, and T are I time invariant (they do not depend on the time t), and space invariant (they do not depend on the connection number i). In a real network, the nodes are usually not perfectly synchronized. Therefore, it is more realistic to assume an asynchronous update of the MAP, where all connections succcssively update their MAP. We assume that all connections update their MAP once in a time interval [t, t + 11 and we refer to the global update of the MAP as the sequential irerution at time t. A random permutation T of { l . . . . , N ) determines the order in which the connections update their MAP.
Updating the probability to transmit according to Equation The RDMAC scheme has only the three parameters, 1, s and T of Equation (3). We next discuss how to set these parameters to maximize the number of simultaneous successful transmissions in the network. problem is NP-Complete [l 11 and can only be solved for small network topologies. Figure 1Ca) illustrates an optimal transmission pattern, i.e., a solution of the maximum independent set problem, on a 20 x 20 grid topology. For such a network size it is already computationally unfeasible to solve the maximum independent set problem, but the regularity of the grid topology makes it possible to extend by symmetry the solution from a smaller instance of the problem. Once the transmission patterns corresponding to the solutions of the maximum independent set problem are known, they cm be combined to form a TDMA schedule. In the remaining of the paper we denote by eopt a state vector that corresponds 10 an optimal transmission pattern (e, = I if connection i is active in the optimal transmission pattern and e; = 0 otherwise). A sufficient condition for all trajectories of the system to converge to equilibrium points is iLaSalle's Theorem [ 121)
which establishes that Adding and subtracting the terms a l l p l ( f . -t l)pl(t) and I / 2 u l p ! ( t ) and rearranging the terms, we have
With the notation (61, the MAP update equation ( 
and 1
So for all three regions of the piecewise linear function f,
< 0, which concludes the proof.
C. Selection of rhe Stable Equilibriiim Transmission Patterns
Can we choose the three parameters 1, s and T such that all the trajectories of the non-linear system characterized by Equation (3) converge to equilibrium MAP vectors p close to eopt ? We proceed to characterize the stable equilibria of (3) loss of generality that this connection is the first to be updated at iteration t , equation (3) can then be rewritten as where Anf is the M x M matrix where rows are the same as those of the identity matrix except for row i that has coefficients a,j equal to 1, -s, T or 0 as defined by (61, and where b, includes the contributions of the saturated connections on the update of connection i (b3 = 0 for all j # i). The sum of the eigenvalues of AM is equal to its trace, which is ( M -1) + l > M . Repeating the same reasoning with the next connection of M to be updated, we find that the group of non-saturated connections is described by a set of coupled linear recurrence equations, which is unstable because ai each time at least one of the eigenvalues has a magnitude larger than 1. Therefore the system operating in the non-saturated region is unstable.
Theorem 2 establishes that at the stable equilibrium of system (3). all connections are either a s . active or a s . idle, We now show that there is at least one as. active connection in the network.
Theorem 3:
The all zero output, p = 0, is an unstable equilibrium of the system. Proof: Let us make an infinitesimal perturbation of the equilibrium p = 0, as follows. Set p i ( 0 ) = e for one connection 1 5 i 5 N , where e > 0 is arbitrarily small, whereas p j ( 0 ) = 0 for all j # i. As long as P j ( ( t ) = 0 for j # i and p i ( t ) 5 1/1, pi@ t-1) 2 f (EPi(t)) = = It+lpi(0) =z , I t +'
Since 1 > I, the latter equation shows that p i ( t ) grows exponentially away from t, and therefore that the origin is an unstable equilibrium; Consequently, the network cannot stay in a state where no connection is active. Any small positive perturbation (due for example to the quantization noise in the computation process)
will push a connection to emit. 
Theorem 4:
If the network is connected, the parameter do- 
VI. NUMERICAL RESULTS AND ANALYSIS
In this section, we provide quantitative results on the spatial reuse achieved by the RDMAC algorithm and validate the fact that the RDMAC algorithm performs well on irregular or mobile topologies.
A. Candidate Algorithm
We compare the performance of the RDMAC algorithm with four other decentralized MAC algorithms. These algorithms were selected because they provide idealized models for wellknown MAC protocols or reflect some innovative ideas in the literature. The Hard-core algorithm. A hard-core point process is a point process in which the constituent points are forbidden to lie cIoser than a certain minimum dislance [131.
In our case, we want active connections to be sufficiently far apart in order to avoid collisions. A simple way to do so is to independently mark each direct connection by a random number unjformly distributed id a fixed interval.
A connection is active if its mark is larger than the marks of all the other connections in its exclusion area. The hard-core process models well the HiPERLAN type 1 access scheme [14] . In this scheme a node seeking to access the channel transmits a burst of random length (i.e.> its mark), the node with the longest burst gains access to the channel. do not assume exponentially distributed sending powers but a fixed sending power P. Therefore, we compute the optimal value of p experimentally.
The SEEDEX algorithm and the SR-Aloha algorithm assume unidirectional exchanges and thus only attempt to silence the nodes around the receiver. Such a model can potentially schedule more simultaneous transmissions than the bidirectional model assumed in this paper but does not provide a framework for reliable acknowledgments. In order not to penalize these two algorithms, we keep them in their original model; although this might be slightly unfair to the other algorithms. for the Random pick algorithm. In the SEEDEX algorithm p , = 0.26 as specified in [7] . 2) Cenrmlized upper bound on the density of sparial reuse: Due to the regularity of the grid topology it is possible to solve the corresponding instance of the maximum independent set problem (Section V-A) and infer the optimal transmission patterns. The density of spatial reuse of an optimal transmission pattern on the grid topology is 1/4, this value is thus an upper bound on the density of spatid reuse that can be achieved by any MAC algorithms. Unfortunately, in the case of a Poisson topology, solving the maximum independent set problem is computationally intractable (due to the NP-Complete nature of the problem). ConsequentIy, the maximal density of spatial reuse achievable in a Poisson topology is not known. Figure 7 shows the performance of the four candidate algorithms and the RDMAC algorithm in term of spatial reuse- initial distribution of the nodes is Poisson and a distance of 1 (see simulation setting) corresponds to 10m. For complexity reasons we reduce the area af simulation from a 20x20 to a 10x10 square. The simulations run for 10s. We consider three scenarios which correspond to different levels of mobility. In the first scenario, nodes move at 2ms-I which is approximately the running speed of a human being. In the second scenario, nodes move at l&"S1, the driving speed in a city and in the last scenario nodes move at 25ms-' which is about the driving speed on a regular country road. In all scenarios the pause time is zero.
) Numerical results:
2) Numerical results: Contrary to the other algorithms, RDMAC is a dynamic algorithm where the transmission patterns self-organize over time. Under mobility, the RDMAC algorithm progressively incorporates new connections in the existing transmission pattern. The price to pay for this soft transition between transmission patterns is the convergence time. Figure 8 demonstrates that despite this handicap the RDMAC algorithm can guarantee a high degree of spatial reuse even at high levels of mobiIity, Indeed, in the 'running speed' scenario, the RDMAC algorithm still achieves a level of spatial reuse higher than all the other algorithms. Moreover, it performs very close to the random pick algorithm in the two other mobility scenarios.
VII. CONCLUSION Reaction-Diffusion Medium Access Control is a decentralized scheme that is remarkable by its ability to build global transmission patterns using only local interactions between network nodes. This first property of the RDMAC scheme is especially useful in ad hoc networks where decisions based only on local knowledge make it easier to adapt to failures or to mobility. Moreover, the RDMAC scheme creates collision-free transmission patterns with a high density of spatial reuse. This second property of the RDMAC scheme allows for an efficient scheduling of the transmissions in multi-hop wireless networks with high traffic loads where current random-access schemes often show poor performance.
To conclude, we propose some possible ways to exploit these key properties of the RDMAC algorithm in future implementations. First. the RDMAC algorithm could be used to precompute suboptimum TDMA schedules off line at low complexity. This approach is especially convenient for large networks where the computation of optimum TDMA schedules is impossible. Feeding different initial conditions to the RDMAC algorithm triggers the creation of different transmission patterns that can then be arranged into a TDMA schedule. Simulation results on the grid topology show that the RDMAC algorithm can indeed achieve almost 80% of the density of spalial reuse of an optimum TDMA transmission pattern in an average of 35 iterations of equation (3) . A second idea is to use the RDMAC algorithm to create on-the-fly transmission patterns. Periodically, each connection reset its MAP, for example to the level of occupancy of its queue. As a result, a new transmission pattern emerges, which favors nodes with a high number of packets to send.
The transmission pattern then remains active until the next periodic reset.
The reaction-diffusion mechanism was initially proposed to explain and reproduce the formation of patterns in biological systems. In the present work, we have applied the reactiondiffusion mechanism to the problem of medium access control in multi-hop wireless networks. We believe that the selforganization properties of the reaction diffusion mechanism will prove to be useful for other applications in the dynamic setting of ad hoc networking.
